Ribonuclease P is an ancient enzyme that cleaves pre-tRNAs to generate mature 5' ends. It contains an essential RNA subunit in Bacteria, Archaea, and Eukarya, but the degree to which the RNA subunit relies on proteins to supplement catalysis is highly variable. The eukaryotic nuclear holoenzyme has recently been found to contain almost twenty times the protein content of the bacterial enzymes, in addition to having split into at least two related enzymes with distinct substrate speci®city. In this review, recent progress in understanding the molecular architecture and functions of nuclear forms of RNase P will be considered.
Nearly 20 years ago it was discovered that RNAs could have enzymatic activity, as well as merely assisting in enzymatic reactions catalyzed by proteins. An increasing number of different RNA catalysts, or ribozymes, have been identi®ed in biological settings and characterized in detail (reviewed in Cech, 1993; McKay and Wedekind, 1999) . Two examples of catalytic RNA, ribonuclease P and the ribosome are of particular interest, because they are found in virtually all living organisms and are likely to be holdovers from a very early biotic or pre-biotic world. The existence of such ancient RNA enzymes has stimulated the proposition of an early``RNA World,'' where RNA (or something like RNA) both encoded its own reproduction and acted enzymatically to bring about that reproduction (Joyce and Orgel, 1993) . Recently, the detailed crystal structures of several ribosome subunits have become available, allowing the conclusion that the catalytic centers of peptide synthesis are almost exclusively ribosomal RNA and transfer RNA, with the protein subunits excluded at more peripheral positions (Cate et al., 1999; Ban et al., 2000; Carter et al., 2000; Nissen et al., 2000; Wimberly et al., 2000) . Thus, earlier speculations that ribosomal RNAs were descended from early RNA enzymes were strongly supported.
RNase P IS AN ANCIENT RIBOZYME
The RNA subunit of ribonuclease P (RNase P) was one of the ®rst identi®ed ribozymes, and remains the only non-ribosome enzyme found in all living organisms that contains a catalytic RNA subunit. RNase P activity has been identi®ed in a wide variety of organisms including Bacteria, Archaea, and Eucarya, and in virtually all cases the enzyme has been shown to have an essential RNA subunit. Bacterial RNase P consists of an RNA and a small protein subunit, while the protein compositions of the Archaeal and Eucaryal holoenzymes are more complex (see below). The main function of the enzyme in vivo appears to be endonucleolytic cleavage of tRNA precursor transcripts (pre-tRNAs) to give mature 5 H termini. Substrate recognition is determined more by the tertiary structure than by speci®c sequences in pretRNAs.
Although crystal structures for the RNase P holoenzyme and RNA subunit are not yet available, it is clear that the catalytic center of at least the bacterial RNase P is contained entirely in the RNA subunit (GuerrierTakada et al., 1983; Guerrier-Takada and Altman, 1984; Gardiner et al., 1985) . The bacterial RNA subunits alone are capable of correctly recognizing and cleaving pretRNA substrates, although the small protein subunits aid both the folding of the RNA subunits (Reich et al., 1988; Talbot and Altman, 1994; Westhof et al., 1996) and recognition of the pre-tRNA (Kurz et al., 1998; Niranjanakumari et al., 1998) . In eukaryotes, the RNA subunits have so far been proven incapable of cleaving substrates in the absence of proteins. Archaeal RNA subunits appear to exist somewhere between the catalytically competent and incompetent states in the absence of their presumed protein partners. Small amounts of substrate cleavage can be obtained at extreme salt concentrations from selected branches of the Archaeal RNase P RNA tree, but not others (Pannucci et al., 1999) . from both yeast and human (Eder et al., 1997; Chamberlain et al., 1998) . The composition of the nuclear RNase P holoenzyme is far more complex than that of the bacterial enzyme, with one essential RNA subunit and several protein subunits. The increased complexity of the nuclear enzymes will be examined below in detail, but it is worth noting that separate RNase P activities have been described from mitochondria and chloroplasts, and the composition of these enzymes is somewhat controversial at this time.
Studies of RNase P in organelles, i.e., mitochondria and chloroplasts, suggest diversity in their composition and origin. The well-characterized mitochondrial RNase P in Saccharomyces cerevisiae clearly contains an RNA subunit, the RPM1 RNA, as well as at least one protein subunit, Rpm2p (Morales et al., 1992; Dang and Martin, 1993) . The mitochondrial protein subunit is not present in the nuclear form of RNase P, yet there is evidence that it serves some cellular function outside the mitochondria (Kassenbrock et al., 1995; Groom et al., 1998; Lutz et al., 2000) . The ribonucleoprotein nature of the cyanelle RNase P in the alga Cyanophora paradoxa has also been proven, and is suggested to be more like the nuclear enzymes than the bacterial enzymes (Cordier and Schon, 1999) . In contrast, there are reports indicating that the RNase P activities in spinach chloroplasts and human mitochondria might be RNAindependent (Wang et al., 1988; Rossmanith and Karwan, 1998; Thomas et al., 2000a) . Spinach chloroplast RNase P has been puri®ed extensively, and has the properties of a solely protein enzyme (Wang et al., 1988; Thomas, 1996) with a pre-tRNA cleavage mechanism distinct from the RNA-based RNase Ps (Thomas et al., 2000a) . Evidence concerning RNase P composition from mammalian mitochondria remains contradictory (Altman et al., 2000; Gegenheimer, 2000) .
RNA-based RNase P cleavage
The cleavage reaction catalyzed by RNase P has been studied in Bacteria, Archaea and Eucarya, with the mechanism of the bacterial ribozyme reaction being the best characterized. Studies of the eukaryotic RNase P reaction have been primarily performed with partially puri®ed nuclear holoenzyme from several sources (Carrara et al., 1995; Drainas, 1995; Levinger et al., 1995; Arends and Schon, 1997; Pfeiffer et al., 2000; Thomas et al., 2000a Thomas et al., , 2000b . The RNase P cleavage reaction can be thought of as three consecutive steps: (1) pre-tRNA binding; (2) hydrolysis of the scissile phosphodiester bond, generating a 3
H hydroxyl group and a 5 H phosphate group, possibly via a`trigonal bipyramid' intermediate (Warnecke et al., 1996) ; and (3) the dissociation of the mature tRNA and 5 H -leader products. The af®nity of bacterial ribozyme for tRNA has been measured by a variety of methods including gel mobility shift, gel-exclusion chromatography and photoaf®nity cross-linking (reviewed in Frank and Pace, 1998) . The RNase P RNA from B. subtilis binds mature tRNA with a K d of about 3 nM under optimal salt conditions (Beebe and Fierke, 1994) . In the case of the yeast nuclear holoenzyme, the substrate acquisition was determined under steady-state conditions giving a K M of approximately 55 nM with a natural pre-tRNA (Ziehler et al., 2000a) . However, it is worth noting that the many physiological pre-tRNA substrates for RNase P in vivo have widely varied properties that affect their relative rate of utilization by RNase P. Not only are the primary sequences of the mature domains, leaders, trailers and introns different, but the tertiary structure determinants are also slightly variable. Further, it is not clear at this time how many of the base and sugar modi®cations exist in the pre-tRNAs prior to RNase P cleavage, or whether the actual substrates for RNase P in nuclei are RNA-protein complexes.
The rate constants of different steps of the RNase P reaction have been determined for bacterial ribozymes by both steady-state and pre-steady-state kinetic studies. Under pre-steady-state conditions, the rate of scissile bond cleavage ranges from 180 min À1 to 360 min À1 for the bacterial ribozymes (Smith and Pace, 1993; Beebe and Fierke, 1994) . In contrast, the k cat derived under multiple turnover conditions is about 100-fold slower, which appears to be determined by the rate of product release. Initial measurement of the rate constants for the yeast nuclear holoenzyme by steadystate analyses give a k cat for the yeast holoenzyme of approximately 1.3 sec À1 (Ziehler et al., 2000a) . The second-order rate constant, k cat /K M , for the yeast RNase P reaction is close to the predicted rate of diffusion 1.3 Â 10 8 M À1 sec À1 (Ziehler et al., 2000a) . Divalent metal ions, normally magnesium, are important co-factors for the RNase P reaction. Divalent metal ions strongly enhance the af®nity of bacterial ribozyme for tRNA Beebe et al., 1996) although tRNA can bind to the RNase P RNA in a similar fashion with and without metal ions as assayed by photoaf®nity crosslinking . In contrast, catalysis by RNase P absolutely requires divalent metal ions. Manganese can substitute for Mg 2 in the ribozyme reaction with a slight defect in catalytic rate, while calcium substitution signi®cantly reduces the catalytic rate of the reaction (Smith and Pace, 1993) . These data further suggest the previous hypothesis that the active site of RNase P may form a highly ordered metal-binding pocket that is necessary for discriminating different metal ions (reviewed in Frank and Pace, 1998) . The yeast nuclear RNase P also displays a high degree of speci®city for magnesium as the divalent metal ion, but it has been very dif®cult to assess the precise role of the divalent cations because aggressive removal of enzymebound divalent cations with EDTA irreversibly inactivates the holoenzyme (Lee, 1991) .
Eukaryotic RNase P differs signi®cantly from the bacterial holoenzyme in composition and substrate speci®city. The remainder of this review will focus on the current understanding on the structure, function, and subcellular localization of eukaryotic nuclear RNase P, especially from the yeast Saccharomyces cerevisiae.
COMPOSITION OF YEAST NUCLEAR RNase P
Although the RNA subunit of the yeast S. cerevisiae RNase P, RPR1 RNA, was identi®ed almost a decade ago (Lee and Engelke, 1989; Lee et al., 1991a) , it is not until recently that the holoenzyme has been biochemically puri®ed to apparent homogeneity (Chamberlain et al., 1998) . The size of RPR1 RNA is comparable to its bacterial counterpart, but the protein complement is substantially increased in the yeast holoenzyme. Early density measurements showed that protein contributes about 50% of the mass of the eukaryotic holoenzyme (Kline et al., 1981; Lawrence et al., 1987; Darr et al., 1990; Knap et al., 1990; Doria et al., 1991; Jayanthi and Van Tuyle, 1992) , as compared to 10% in the bacterial enzyme (Akaboshi et al., 1980; Gardiner and Pace, 1980) . The fact that micrococcal nuclease and proteinase treatments eliminate the yeast RNase P activity originally suggested that both the RNA and protein subunits are required for enzymatic function (Lee and Engelke, 1989) . Consistent with this and the density measurements, puri®ed holoenzyme contains RPR1 RNA and nine tightly associated protein subunits (Chamberlain et al., 1998) (Table 1 ). The identity of four protein subunits (Pop1p, Pop3p, Pop4p and Rpp1p) was previously identi®ed by genetic and immunoprecipitation studies (Lygerou et al., 1994; Chu et al., 1997; Dichtl and Tollervey, 1997; Stolc and Altman, 1997) . Enzyme puri®cation con®rmed the presence of all four proteins, as well as ®ve additional essential polypeptides, namely Pop5p, Pop6p, Pop7p, Pop8p and Rpr2p.
The RNA subunit
The RPR1 RNA gene is transcribed by RNA polymerase III (Lee et al., 1991b) , and is essential for cell viability and pre-tRNA processing (Lee and Engelke, 1989; Lee et al., 1991a) . The 486 nucleotide primary transcript (pre-RPR1 RNA) undergoes a single cleavage that removes the 84-nucleotide 5 H leader and a series of cleavages to remove the 33-nucleotide 3 H trailer sequence (Lee et al., 1991a) . Ribonucleoprotein complexes containing the pre-RPR1 RNA and mature RPR1 RNA behave similarly during most of the puri®cation steps (Chamberlain et al., 1996) and for the most part both RNAs can be immunoprecipitated using af®nity tags on the protein subunits (Lygerou et al., 1994; Chu et al., 1997; Dichtl and Tollervey, 1997; Stolc and Altman, 1997; Chamberlain et al., 1998) . These observations imply that the pre-RPR1 RNA is processed after the formation of ribonucleoprotein complexes that are similar to those formed in the mature holoenzyme.
A secondary structure of RPR1 RNA has been proposed based on phylogenetic studies and structuresensitive RNA footprinting, and is shown in Figure 1 Chen and Pace, 1997; Frank et al., 2000) . Comparison of the RPR1 RNA structure to the bacterial consensus structure and other eukaryotic RNase P RNA structures reveals both similarities and differences. A core structure is conserved among RNase P RNA from different species (Chen and Pace, 1997; Pitulle et al., 1998; Frank et al., 2000) . It contains ®vè critical regions' carrying conserved nucleotides (CR I-V) and several helices (P1, P2, P3, P4 and P10/P11) at similar positions in different RNA structures. The P4 helix formed by base-pairing between CR I and CR V sequences, is postulated to be the catalytic center of the bacterial enzyme as suggested by site-directed mutagenesis, phosphorothioate substitution, and deletional analysis (Kazakov and Altman, 1991; Darr et al., 1992; Altman et al., 1993; Guerrier-Takada and Altman, 1993; Haas et al., 1994; Harris and Pace, 1995; Pagan-Ramos et al., 1996a) . CR II and CR III, together with P10/11 and P12, form a domain whose function and accessibility to chemical reagents is magnesium-dependent in yeast (PaganRamos et al., 1996b; Ziehier et al., 1998) . Minimization experiments with the yeast RNase P RNA have shown that the helix P12 is dispensable in vivo, while the internal loop containing the conserved CAGARA (R represents purine) sequence is essential for viability and RNase P activity (Pagan-Ramos et al., 1994) . Mutagenesis studies of the CAGAAA sequence in CR II of the RPR1 RNA (positions 206±211) indicate a function in magnesium utilization that primarily affects k cat of the holoenzyme (Pagan-Ramos et al., 1996b; Ziehler et al., 1998) . Previous studies on bacterial RNase P RNA showed that substrate binding requires divalent cationmediated interactions with the conserved loop, and that P10/11-P12 domain is subject to lead-induced hydrolysis (Ciesiolka et al., 1994) and Mg 2 cleavage at high pH (Kazakov and Altman, 1991) . Thus, CR II and CR III appear to be positioned close to the active site of RNase P, facilitating pre-tRNA binding or catalysis.
The precise functions of CR IV in substrate binding and catalysis have not been delineated in any detail. Extensive mutagenesis of this region in yeast RPR1 RNA gave defects in both K M and k cat for the holoenzyme (Pagan-Ramos et al., 1996a) .
RNA structural elements distinct to the bacterial or nuclear RNase P RNA subunits also exist, the most obvious being the P3 and P15 regions. Although RNAs from both kingdoms have the P3 region, the eukaryotic P3 helix is more complex than the bacterial counterpart (Fig. 1) . The eukaryotic P3 region is composed of a helixloop-helix structure as opposed to the continuous stem structure in the bacterial P3 (Schmitt et al., 1993; Tranguch and Engelke, 1993; Paluh and Clayton, 1995; Pitulle et al., 1998; Schmitt, 1999) . The variation in structure is consistent with the possible functions of P3 in eukaryotes. In human cells, the P3 loop is required for the proper subcellular localization of the RNase P RNA (Jacobson et al., 1997) , and is shown to be a binding site for proteins (Reddy et al., 1983; Liu et al., 1994; Eder et al., 1997) . In the case of bacteria, the absence of an internal loop in P3 might be related to the lack of subcellular compartments. On the other hand, both the bacterial and eukaryotic P3 appear to be important for the assembly of RNase P holoenzymes. P3 was proposed to interact with the protein subunit in E. coli holoenzyme (Morse and Schmidt, 1993) . In yeast RNase P, a mutated P3 loop causes the accumulation of pre-tRNA, and the failure to produce RPR1 RNA in vivo (Ziehler et al., 2000b) .
In contrast to P3, P15 region is more complex in bacteria than in yeast, and is completely lost in human RNase P RNA. The function of P15 region is more pronounced in the RNase P ribozyme reaction than with the holoenzyme. An internal loop in the bacterial P15 stem contributes to substrate (and product) binding by basepairing to the 3 H CCA of the substrate pre-tRNA (Kirsebom and Svard, 1994; Oh and Pace, 1994) , and also binds catalytic metal ions (Burgin and Pace, 1990; Kirsebom, 1996, 1998) .
The presence of the conserved catalytic core structure of bacterial RNase P RNA (critical regions I±V) in the eukaryotic nuclear RNA subunits strongly suggests that POP7 is also known as RPP2 (Stolc et al., 1998 ). c The relationship of these human proteins to the yeast protein subunits is currently unclear. the nuclear RNA is serving functions similar to the bacterial RNA subunit, even though some subdomains vary among the kingdoms. Af®rmation of the essential nature of the critical regions in the yeast RPR1 RNA by mutagenesis (Pagan-Ramos et al., 1996a,b) con®rms that the extensive protein contact has not supplanted these functions.
The Protein Subunits
A most striking difference between the bacterial and eukaryotic RNase P is the protein content. The bacterial RNase P holoenzyme contains only one protein subunit with the molecular weight of 14 kDa. In yeast, the molecular weight of the nine protein subunits ranges from 100.5 to 15.5 kDa and seven of the proteins are basic, with pIs higher than 9 (Table 1 ). The only acidic protein in RNase P is Pop8p, with a pI of 4.5. All nine proteins are essential for life and for RNase P activity (Lygerou et al., 1994; Chu et al., 1997; Dichtl and Tollervey, 1997; Stolc and Altman, 1997; Chamberlain et al., 1998) , but little is known about what these proteins do. Possible multiple functions will be considered in a later section.
The yeast and human RNase P holoenzymes have similar subunit complexities (Table 1) . Human RNase P from HeLa cells contains an RNA subunit, H1 RNA (Bartkiewicz et al, 1989) , and at least seven protein subunits that co-purify with the enzymatic activity, namely Rpp14p, Rpp20p, Rpp25p, Rpp29p, Rpp30p, Rpp38p, and Rpp40p (Chu et al., 1997; Eder et al., 1997; Stoic and Altman, 1997; Chamberlain et al., 1998; Jarrous et al., 1998; Stolc et al., 1998; Jarrous et al., 1999a; van Eenennaam et al., 1999) . In addition, the human homolog of yeast Pop1p (hPop1p) was discovered independently by database searches, although the overall sequence similarity between the two proteins is low (Lygerou et al., 1996) . Since hPop1p antibody can immunoprecipitate the H1 RNA and RNase P activity from HeLa cell extracts, hPop1p is likely to be an integral component of human RNase P. Database searches have also revealed the human homologs of several other yeast RNase P proteins (see Table 1 ).
SUBSTRATE RECOGNITION BY YEAST RNase P
RNase P appears to be responsible for the 5 H end maturation of all the pre-tRNAs in a cell. The diversity of the sequence in tRNA genes requires the recognition of common structural features in pre-tRNAs. Nuclear pretRNAs contain 5 H -leaders, the mature tRNA domains, 3 Htrailer sequences, and sometimes introns. Sequence comparisons have not shown any common structure or sequence in the 5 H -leader of the pre-tRNAs (reviewed in Lee et al., 1997; Frank and Pace, 1998) although the nature of the eukaryotic nuclear transcription unit tends to result in purine-rich 5 H leaders. Interestingly, synthetic substrates with a 5 H -leader as small as a single nucleotide can be processed by both bacterial and yeast RNase P (Kline et al., 1981; Surratt et al., 1990; Smith and Pace, 1993; Ziehler et al., 2000a) . These data suggest that any contribution of the 5 H -leader to substrate binding is not critical.
Studies on bacterial and eukaryotic RNase P have demonstrated that essential recognition determinants are located in the consensus tertiary structure of the mature tRNA. RNase P reactions are strongly inhibited by the presence of mature tRNA products (Reich et al., 1988; Smith et al., 1992; Beebe and Fierke, 1994; Ziehler et al., 2000a) . The use of small model substrates further delineates the minimal determinants to the TC and acceptor stems for bacterial RNase P. Bacterial enzymes cleave an RNA substrate that consists only of these two helices, although the K M is much higher than that of the natural substrates Hardt et al., 1993; Schlegl et al., 1994) . Yeast nuclear RNase P, in contrast, cannot ef®ciently recognize the RNA minihelix substrate (J.Y. Lee and D.R. Engelke, unpublished results). The contact points in the mature tRNA domain for eukaryotic RNase P recognition have not yet been de®ned, although an intact tertiary structure is required (Hardt et al., 1993; Levinger et al., 1995) .
In addition to the tertiary structure of the mature tRNA, 3
H -trailer sequences also participate in binding to RNase P. Although there is no universal 3 H -trailer element, there are conserved 3 H -trailing sequences within individual kingdoms. In bacteria, a 3 H -CCA sequence is immediately downstream of the aminoacyl stem in Fig. 1 . Predicted secondary structure of yeast nuclear RNase P RNA. Nucleotides that are most conserved in bacterial, archaeal and eukaryotic RNase P RNAs are marked with asterisks (Frank et al., 2000) . Five critical regions (``CR''s) are numbered according to the Chen and Pace nomenclature (Chen and Pace, 1997) , and correspond to clusters of the most conserved positions.``P'' represents helical regions, with numbers assigned based on corresponding bacterial structures (Haas et al., 1994) . The P4 helix is marked with brackets connected by a line. Nucleotides within the shaded regions are protected from nuclease attack in the holoenzyme compared to deproteinized RNA . For technical reasons it is not known whether the last 26 nucleotides are protected by protein in the holoenzyme. (Figure adapted from Tranguch et al., 1994) . many tRNA primary transcripts. The substrate 3
H -CCA sequence interacts with the internal loop of the P15 region of the bacterial RNase P RNA. Unlike the bacterial pre-tRNAs, eukaryotic pre-tRNAs have a polyuridine (poly-U) stretch as part of the trailing sequence because poly-U is the terminator for pre-tRNA transcription by RNA polymerase III. The P15 loop of the RNase P RNA is substantially reduced or missing in eukaryotes, but the 3 H -trailer in yeast pre-tRNA still appears to be seen by the nuclear holoenzyme. It has been shown recently that a pre-tRNA containing singlestranded 3
H -trailer sequences binds to the yeast RNase P more strongly than the mature tRNA (Ziehier et al., 2000a) . It is not yet known whether the 3 H trailer interacts with an unidenti®ed segment of the RNase P RNA subunit or one of the protein subunits.
The polyuridine patch at the 3 H end of nuclear pretRNAs has been shown to interact with the 5 H -leader via base-pairing (Lee et al., 1997) . In order for pre-tRNA to be ef®ciently processed by RNase P, a mismatched bulge at the À1/ 1 position (relative to the cleavage site) is required, presumably to help destabilize any extended helix between the 5 H leader and 3 H trailer. Continuous extension of the aminoacyl stem into the leader and trailer reduces or abolishes pre-tRNA processing both in vivo and in vitro, affecting both the K M and k cat of cleavage by RNase P (Lee et al., 1997) . It is possible that the leader/trailer stem structure melting is somehow facilitated in vivo, generating single-stranded 5
H -leader and/or 3 H -trailer for the recognition by RNase P. For example, some protein component, like La antigen (Lhp1p in S. cerevisiae), might bind to the 3 H -trailer in vivo (Van Horn et al., 1997; Yoo and Wolin, 1997) , generating an RNP complex as the physiological substrate for RNase P. Alternatively, the rate at which pre-tRNAs proceed through the early processing pathway could, to some degree, be controlled by the leader/ trailer stem strength. There is also evidence that singlestranded 5
H -leader sequences can modestly improve the substrate binding to the yeast nuclear RNase P (Ziehier et al., 2000a) .
It is currently unclear what part of the yeast nuclear RNase P interacts with the 5
H -leader or the 3 H -trailer. The protein subunit of B. subtilis RNase P possesses a single-stranded RNA binding cleft that interacts with the unpaired 5 H -leader Kurz et al., 1998; Niranjanakumari et al., 1998; Stams et al., 1998) . Considering that seven of the nuclear protein subunits are rich in basic amino acids and at least six have nonspeci®c RNA binding capabilities, the additional protein content of the nuclear holoenzyme could provide the capacity to interact with multiple sites in pre-tRNAs (or other substrates).
Pre-tRNA is the only known physiological substrate for eukaryotic RNase P to date. In the case of bacterial RNase P, the natural substrates include pre-tRNAs, precursors to 4.55 rRNA (Bothwell et al., 1976) , 10Sa RNA (Komine et al., 1994) , and the polycistronic his operon mRNA (Alifano et al., 1994) . The bacterial RNase P protein plays an important role in broadening the substrate speci®city of the holoenzyme. Several mutations in the protein subunit block the cleavage of pre-4.5S RNA, but not pre-tRNA (Gopalan et al., 1997) . Thus, with the increased amount of protein content, eukaryotic nuclear RNase P may also have other nontRNA substrates in vivo. No such alternative nuclear substrates have been de®nitely identi®ed to date, although individual mRNA or other RNA cleavages could easily have been overlooked. One interesting observation in this regard is that a temperaturesensitive mutation in the RNA subunit of yeast nuclear RNase P leads to accumulation of a pre-rRNA intermediate in vivo (Chamberlain et al., 1996) . However, the sites that the nuclear RNase P cleaves in naked prerRNA substrates do not correspond in any obvious way to the processing intermediate that accumulates in vivo, so the effect may be indirect rather than suggesting prerRNA is a direct substrate for RNase P in vivo. Fig. 2 . Subnuclear localization of yeast nuclear RNase P. A¯uo-rescent oligonucleotide probe complementary to the RPR1 RNA subunit (green) was hybridized to ®xed, permeabilized yeast. Yeast were stained with DAPI (blue in aH panels) to show the nucleoplasm and a¯uorescent oligonucleotide to a small nucleolar RNA (U14, red in the second and third panels). The DAPI nucleoplasm signal and position of U14 in the nucleolus are as expected. The RPRJ RNA probe localizes more than 70% in or near the nucleolus, with secondary punctate loci that are somewhat variable among strains. Cytoplasmic features are not visible with these¯uorescent tags. (Figure adapted from Bertrand et al., 1998) .
RELATIONSHIP BETWEEN RNase P AND RNase MRP
Genetic and biochemical studies have indicated that RNase P is closely related to another ribonucleoprotein, RNase MRP, which has only been found in eukaryotes. RNase MRP was ®rst discovered as an RNA-containing enzyme that was proposed to cleave mitochondrial RNA primers for DNA replication (Chang and Clayton, 1987) . Later the majority of RNase MRP RNA was found to be in the nucleolus, where the enzyme plays an important role in pre-rRNA maturation (reviewed in Reilly and Schmitt, 1995) . Whether there are two pools of RNase MRP RNA, one in the nucleolus and one in the mitochondria, and whether these pools associate with the same protein subunits, needs further investigation.
Nuclear RNase P and nucleolar RNase MRP show a signi®cant degree of overlap in subunit composition. Structural analyses including phylogenetic studies provide a working structural model for RNase MRP RNA (Forster and Altman, 1990; Schmitt et al., 1993; Schmitt, 1999) . Comparison of the secondary structures of yeast nuclear RNase P and MRP RNAs has revealed a clear evolutionary relatedness. The two share at least one strikingly similar subdomain not found in bacterial RNase P RNA±the P3 internal loop, as well as the CR I, CR IV, and CR V regions conserved in all RNase P RNAs. At this time it is not clear whether equivalents of the CR II or CR III subdomains will also be found in RNase MRP RNA.
The P3 region is of interest because it has been shown to be needed for protein binding in human RNase P and MRP (Yuan et al., 1991; Liu et al., 1994) . Moreover, the P3 internal loop sequence is better conserved between RNase P and MRP within the same organism than it is among RNase Ps from different eukaryotic species. Recently, it has been demonstrated that the P3 regions in the yeast nuclear RNases P and MRP are functionally equivalent (Lindahl et al., 2000; Shadel et al., 2000; Ziehler et al., 2000b) , suggesting interactions with protein subunit(s) common to the two enzymes that has co-evolved with the P3 domain. Several studies have implicated different proteins as requiring P3 for binding or being close enough to P3 to allow cross-linking (Liu et al., 1994; Pluk et al., 1999) . However, recent data from this laboratory indicated that Pop1p is probably the subunit that speci®cally recognizes P3 (Ziehler et al., 2000b) .
Eight of the nine protein subunits of the yeast nuclear RNase P also appear to associate with RNase MRP (Table 1) . Extensive protein subunit overlap has been seen between human RNases P and MRP as well (Lygerou et al., 1996; Jarrous et al., 1999a; Pluk et al., 1999; van Eenennaam et al., 1999) , although the characterization of protein subunits is not yet complete. In yeast, each enzyme has at least one unique protein subunit. Rpr2p seems to associate only with RNase P, while Snm1p appears distinctive to RNase MRP (Schmitt and Clayton, 1994; Chamberlain et al., 1998) . It remains unclear whether the differences in the RNA subunits, the unique protein subunit, or both are required for the substrate speci®city of each enzyme. Despite the different substrate speci®city, these two enzymes catalyze a common reaction ± hydrolysis of a phosphodiester bond leaving a 3
H -hydroxyl and a 5 Hphosphate. RNase P and RNase MRP are therefore likely to be descendents of a single ancestral enzyme. In retrospect, this makes a great deal of sense. In bacteria, RNase P often serves as a pre-rRNA processing enzyme because the rRNA subunits in the large transcription unit are often separated by a pre-tRNA. When the pretRNA is cleaved by RNase P the large bacterial rRNA subunits are separated. In eukaryotes, RNase MRP cuts in the internal transcribed spacer 1 (ITS 1) region, separating the two large rRNA subunits in nuclear primary transcripts.
No extensive study has been done to identify all the substrates and functions of RNases P and MRP in eukaryotes. However, a recent report has linked the yeast RNase MRP de®ciency to plasmid segregation (Cai et al., 1999) . Considering the high degree of similarity in the composition of RNase P and MRP, it would not be surprising that eukaryotic RNase P also has essential functions in addition to pre-tRNA maturation.
LOCALIZATION OF NUCLEAR RNase P
Eukaryotes have multiple de®ned subcellular compartments. Most ribosome biosynthesis, including processing of pre-rRNA transcripts by RNase MRP, takes place in dense, subnuclear regions termed nucleoli. It was previously assumed that pre-tRNA biosynthesis, including RNase P cleavage, would be distributed throughout the nucleoplasm, since tRNA genes are distributed throughout the linear genome maps of eukaryotes. Recent studies have suggested this might not be the case.
The exact location of nuclear RNase P in metazoans is controversial. Studies on the localization of the RNA subunit have suggested that some of the nuclear RNase P resides in the perinucleolar compartment (PNC) on the surface of some nucleoli (Matera et al., 1995; Lee et al., 1996) . By the use of slightly different methods, the majority of nuclear RNase P in HeLa cells was seen as nucleoplasmic, with only transient localization to the nucleolus (Jacobson et al., 1997) . It has recently been shown that some of the protein subunits of human RNase P are localized in the nucleolus of cultured mammalian cells (Jarrous et al., 1999b) . However, since these proteins might also be integral subunits of human RNase MRP in the nucleolus, it is dif®cult to assess what proportion of the nucleolar signal is from RNase MRP, as opposed to RNase P.
In the yeast S. cerevisiae, the 5 H -leader cleavage of pretRNAs by RNase P is an early step in the nuclear tRNA maturation pathway. Using¯uorescence in situ hybridization, nuclear pre-tRNAs, as well as the RNase P RNA, were shown to be primarily nucleolar with additional foci in the nucleoplasm (Bertrand et al., 1998) (Fig. 2) . The results suggest that the early events in tRNA maturation pathway are compartmentalized rather than distributed evenly in the nucleoplasm. The co-localization of much of the pre-tRNA pathway with nucleoli may re¯ect the possible interplay between tRNA and rRNA biogenesis.
The fact that both RNase P and RNase MRP are nucleolar enzymes in yeast suggests that one or more of the eight shared protein subunits might provide a means for subnuclear localization of both enzymes. Studies on human RNases MRP and P have shown that the P3 region, a common subdomain in RNase P and MRP RNA, is required for the nuclear localization of the RNA subunits (Jacobson et al., 1995 (Jacobson et al., , 1997 . Since P3 is required for speci®c binding of several protein subunits to the RNA subunit, mislocalization when P3 is deleted is likely to be a result of protein subunit loss, rather than direct localization signals in the P3 RNA subdomain. Which of the proteins might specify subnuclear localization is unknown at this time.
POSSIBLE FUNCTIONS OF THE PROTEIN SUBUNITS OF EUKARYOTIC RNase P
Little is known about the function of the protein subunits in eukaryotic RNase P. The nine polypeptides in yeast nuclear RNase P bear no obvious resemblance to the single, small bacterial protein. RNA footprinting of the yeast holoenzyme has shown that most of the RNA subunit is covered by proteins, although the critical regions are accessible to small, chemical probes . Why are there so many protein subunits in eukaryotic holoenzymes? Depletion of any protein subunit of yeast RNase P except Pop3p reduces or eliminates the ability to produce RNase P with a mature-size RPR1 RNA subunit (Lygerou et al., 1994; Chu et al., 1997; Dichtl and Tollervey, 1997: Stolc and Chamberlain et al., 1998) . This might re¯ect incorrect assembly of the yeast holoenzyme since, as noted above, the RNA subunit seems to be assembled into a ribonucleoprotein similar to the mature form before the RNA subunit is fully processed. Thus, the absolute requirement for all nine protein subunits to assemble viable RNase P in vivo might simply re¯ect bad assembly in the absence of any one protein, but might also suggest that some important functions have migrated from the bacterial ribozyme to eukaryotic protein subunits.
Inhibition experiments of RNase P with different synthetic pre-tRNAs show that the nuclear holoenzyme binds far more aggressively to single-stranded RNAs than the bacterial holoenzyme. This applies to both pretRNA substrates with single-stranded termini and other non-speci®c, single-stranded RNAs. Some protein subunits might interact with the 5 H -leader, 3 H -trailer, or other regions of the pre-tRNAs (e.g., the anticodon stem). It is also possible that one or more subunits are speci®cally needed to interact with entirely different substrate RNAs that are yet to be discovered. As noted above, the bacterial protein is responsible in part for substrate discrimination, and it would be expected that the nuclear enzyme proteins also ful®ll this role. In addition, the physiological substrates of RNase P in nuclei might well be RNP complexes rather than naked RNAs. In this case, the huge increased eukaryotic substrate complexity might discriminate among a variety of protein, as well as RNA determinants for ef®cient substrate acquisition.
The possibility should be noted that some proteins might act to prevent interaction with inappropriate substrates. We previously determined that the highly puri®ed nuclear holoenzyme, unlike the bacterial ribozyme, could ef®ciently cleave deproteinized pre-rRNA substrates at a large number of sites that are not likely to have physiological signi®cance (Chamberlain et al., 1996) . The protein subunits might well function within the cell to prevent the holoenzyme from seeing inappropriate RNAs, either through subnuclear sequestration or rejection of inappropriate interactions with nuclear RNP complexes.
The existence of subcellular compartments is a distinctive feature in eukaryotic cells, and yeast nuclear RNase P is found in subnuclear foci, primarily the nucleolus. In addition to more biochemical functions, some proportion of the large RNase P/RNase MRP protein content almost certainly speci®es location of the enzyme within the spatially organized pre-tRNA and pre-rRNA biosynthetic pathways. The molecular interactions that lead to this spatial organization are currently under investigation.
CONCLUSIONS AND FUTURE DIRECTIONS
RNase P is an ancient RNA enzyme that has been found in Bacteria, Archaea and Eukarya. Although one essential function of the enzymes remains the same, to mature the 5 H end of tRNA, it has evolved from an active bacterial ribozyme to a protein-dependent eukaryotic holoenzyme. Substantial progress has been made in understanding the bacterial RNase P reaction, predominantly the ribozyme-catalyzed reaction. With the discovery of a more complex eukaryotic RNase P composition, the involvement of the protein subunits in RNase P activity has raised several interesting issues. Current knowledge of RNase P suggests that the protein subunits are required for the assembly, ef®cient substrate recognition, and subcellular localization of the holoenzyme. Other new functions of the protein subunits are expected to eventually emerge.
In bacteria, RNase P cleaves not only pre-tRNAs but also other small RNAs, ribosomal RNA precursors, and an unknown number of messenger RNAs. In eukaryotes, pre-tRNA is currently the only known substrate for RNase P. The sibling enzyme, RNase MRP, has taken over the function of rRNA processing, but no systematic search has been made to determine whether there are other, non-tRNA substrates for RNase P in eukaryotes. The complexity of the nuclear RNase P suggests a variety of additional functions might await discovery.
